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Investigation of RNA-Protein and RNA-Metal Ion
Interactions by Electron Paramagnetic Resonance
Spectroscopy: The HIV TAR-Tat Motif
TAR-Tat complex has not been solved, NMR structures
of the RNA component in complexes with structural
analogs of Tat have also exhibited coaxial stacking of
the duplex regions [11–13]. A characteristic structural fea-
ture of the bound TAR RNA is the inversion of the trinucleo-
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tide bulge, enabling the formation of a U23•A27•U38 triple
base pair (Figure 2C) [14–16].
Although the RNA conformational changes are wellSummary
understood, not much structural data is available for
the Tat protein in the complex. A 10 amino acid-longElectron paramagnetic resonance (EPR) spectroscopy
sequence, G48-R57, in the basic region of the proteinwas used to investigate changes in dynamics of spin-
is important for TAR-Tat binding [5, 7]. Arginine 52 islabeled nucleotides in the TAR RNA (U23, U25, U38,
essential for the binding, and conservative mutation ofand U40) upon binding to cations, argininamide, and
flanking residues does not significantly diminish thetwo peptides derived from the Tat protein. Nearly iden-
binding affinity [17]. In fact, an NMR structure of thetical changes in dynamics were obtained for either
HIV-2 TAR RNA-argininamide complex [12] has showncalcium or sodium ions, indicating the absence of a
how arginine binds to the RNA. Crosslinking experi-calcium-specific structural change for the TAR RNA
ments have demonstrated the relative proximity of otherin solution that had previously been suggested by crys-
amino acids to nucleotides in the TAR [18–20] and havetallographic data. Similar dynamic signatures were ob-
been used for modeling of the RNA-peptide complextained for two Tat-derived peptides that have the same
[21]. However, little is known about the specific interac-important binding determinant (R52) and similar bind-
tions between the peptide and the RNA, with the excep-ing affinities to the TAR RNA. However, U23 and U38
tion of R52.were substantially less mobile for the wild-type pep-
We are interested in applying electron paramagnetictide (YGRKKRRQRRR) than for the mutant (YKKKKRK
resonance (EPR) spectroscopy to the study of RNAKKKA), demonstrating that, flanking R52, amino acids
structure and function, particularly in the context of thein the wild-type sequence make specific contacts to
TAR-Tat interaction. EPR has been extensively used inthe RNA.
the study of proteins, for example to determine confor-
mational changes [22, 23], solvent accessibility at spe-
Introduction cific sites [24–27], and long-range distances [28, 29].
Although the paramagnetic probe, which is usually a
The interaction between the trans activation-responsive nitroxide spin label, can be conveniently incorporated
region (TAR) RNA and the Tat protein is required for into proteins by alkylation of cysteine residues, RNA
efficient transcription during replication of the human spin labeling has proven to be more challenging. We
immunodeficiency virus (HIV) [1–4]. The TAR RNA com- have recently reported a general method, using readily
prises the first 59 nucleotides on the nascent end of available materials, for the site-specific incorporation of
the retrovirus RNA. The Tat binding region in the TAR nitroxide spin labels into internal positions of RNA [30].
centers abound a trinucleotide bulge, which is flanked This approach relies on the efficient and selective reac-
by helical regions (Figure 1A). Nucleotides U23, G26, tion of aliphatic isocyanates with site-specifically incor-
A27, U38, and C39 have been identified as critical for porated 2-amino groups in RNA [31] to produce 2-
TAR-Tat binding, and the lower helix has been shown urea-linked, spin-labeled RNAs (Figure 1C). The spin
to be an important architectural feature [5, 6]. The loop labels were incorporated into the TAR RNA and were
has been shown to be important for in vivo transcription shown to be structurally nonperturbing reporters of mo-
but is not important for binding of the Tat peptide [5, tion for the nucleotides to which they were attached [30].
7]. Because of its essential role in viral replication, the This paper describes the use of EPR spectroscopy to
TAR-Tat interaction is an important drug target. study changes in mobility of four different nucleotides
A combination of biochemical and biophysical experi- in the TAR RNA upon binding to metal ions, a small
ments has identified the RNA structural changes that molecule, and peptides. Although these experiments do
occur upon binding to metal ions and derivatives of the not give direct structural information, the EPR spectra
Tat protein. The unbound form of the TAR RNA contains yield a dynamic signature for the binding of a particular
a bend of approximately 50 between the lower and compound to the TAR RNA, and this signature was used
upper helices, as observed by transient electric birefrin- to distinguish between different RNA binding modes.
gence [8] and NMR [9] (Figure 2A). This bend decreases For example, our experiments indicate that calcium ions
upon the addition of divalent metal ions [8], allowing present in the crystal structure of the TAR RNA [10]
the upper and lower duplexes to stack coaxially, as do not induce ion-specific RNA structural changes in
observed in the crystal structure of the TAR RNA [10] solution. As expected, the dynamic signatures of the
(Figure 2B). Although a high-resolution structure of the TAR RNA in the presence of argininamide and two Tat-
derived peptides were fairly similar to each other, but
different from those observed for the cations. However,1Correspondence: sigurdsson@chem.washington.edu
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Figure 1. The RNA Sequences Used in this
Study and the Spin-Labeling Chemistry
Nucleotides shown in bold were selected for
spin labeling.
(A) The TAR RNA construct [10].
(B) An RNA construct lacking the trinucleotide
bulge that is essential for Tat binding.
(C) Site-specific spin labeling of RNA with
4-isocyanato TEMPO and 2-amino-modified
RNAs.
the wild-type peptide was shown to induce a signifi- served for U40, but extensive smearing in the gel pre-
cluded an accurate determination of its Kds for bindingcantly larger decrease in the mobility of nucleotides U23
and U38 in the TAR RNA than a mutant peptide with a to the peptides.
similar affinity to the RNA, indicating additional RNA-
protein contacts. EPR Spectroscopy: TAR-Ca2 Binding
Divalent metal ions have been shown to affect the con-
formation of the TAR RNA [8, 10]. Four calcium ionsResults
were present in the crystal structure of the TAR RNA in
the absence of Tat (Figure 2B) [10]. To investigate theRNA Spin Labeling and the Effects of Spin Labels
on TAR-Tat Binding effect of calcium ions on the TAR RNA in solution, we
obtained EPR spectra in the presence and absence ofSpin-labeled TAR RNAs were prepared with the spin-
labeling reagent 4-isocyanato TEMPO, synthesized in 50 mM CaCl2. EPR spectra of spin-labeled TAR RNAs
in the presence of calcium ions showed changes in mo-one step from 4-amino TEMPO [30], and 2-amino con-
taining RNAs (Figure 1C). The use of a procedure slightly bility at U23, U25, U38, and U40 (Figure 4). The greatest
change upon addition of calcium ions was observedmodified from that previously reported [30] gave up to
2-fold higher yields of purified spin-labeled RNA. Four for U25, for which a moderate increase in the spectral
width indicated decreased nucleotide mobility. To testTAR RNAs, each containing a single spin label at posi-
tions U23, U25, U38, or U40, were prepared (Figure 1A). whether this effect was specific for calcium ions, we
obtained EPR spectra in the presence of sodium ionsNative polyacrylamide gel electrophoresis (PAGE) was
used to determine whether the spin labels interfered at a similar ionic strength (242 mM, including the stan-
dard EPR buffer, which contains 92 mM sodium ions).with TAR-Tat binding (Figure 3, Table 1). The binding
affinity for each of the spin-labeled TAR RNAs was com- In the presence of sodium ions, all four spin-labeled
TAR RNAs showed mobility changes that were nearlypared to the affinity of the unmodified TAR RNA for two
commonly studied Tat-derived peptides, a wild-type identical to those observed in the presence of calcium
ions (Figure 4). To determine whether the ionic strength-(YGRKKRRQRRR) and a mutant (YKKKKRKKKKA) pep-
tide. The equilibrium dissociation constants (Kds) for the dependent changes in mobility were specific for the
TAR RNA, we repeated this experiment with a duplexwild-type and mutant peptide upon binding to the un-
modified TAR RNA were 0.4 M and 1.5 M, respec- construct of the TAR RNA, lacking the trinucleotide
bulge that is essential for Tat binding (Figure 1B). Atively. Similar results were obtained for TAR RNAs con-
taining a spin label in positions U23 and U25, whereas slight change was observed in the spectral width of U38
duplex upon addition of either sodium or calcium ionsan approximately 3-fold lower affinity was observed for
U38. In contrast, a larger decrease in binding was ob- (our unpublished data). However, this change was signif-
Figure 2. Structures of TAR RNA
The backbone of the TAR RNA is shown in
cyan, and spin-labeled residues from this
study are shown in red. Residues A22 and
A27, which base-pair with residues U40 and
U38, respectively, are shown in green.
(A) Solution NMR structure of TAR RNA [9].
The bulge causes a approximately 50 bend
between the lower and upper helices.
(B) Crystal structure of the TAR RNA obtained
in the presence of calcium ions [10]. The up-
per and lower duplex regions form a coaxial
stack, whereas the bulged residues are
pushed out and away from the helix.
(C) NMR solution structure of the HIV-2 TAR
RNA bound to argininamide [12]. This struc-
ture also reveals a coaxial stack of the helical
regions. The bulged residues invert upon
binding and allow U23 to form a base triple
with U38 and A27.
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Figure 3. Native PAGE Analysis of TAR-Tat
Complex Formation
This analysis was used to determine the equi-
librium dissociation constants shown in
Table 1.
icantly smaller than that observed for U38 TAR. The for nonspecific RNA-peptide binding, we titrated the
mutant Tat peptide (0.2–2.0 mM) into a sample con-change in mobility in the presence of magnesium was
also found to be nearly identical to that of calcium and taining the U38 duplex (Figure 1B) (our unpublished
data). We observed virtually no spectral change up tosodium for U23, U38, and U40, whereas U25 became
more mobile (our unpublished data). a peptide concentration of 0.5 mM. However, at concen-
trations above 0.7 mM we observed spectral broaden-
ing, combined with multiple spectral features, indicativeEPR Spectroscopy: TAR-Argininamide Binding
The solution NMR structure of HIV-2 TAR RNA bound of nonspecific RNA-protein interactions. These nonspe-
cific interactions have also been observed at this con-to argininamide [12] provided evidence for the specific
interactions of arginine 52 (R52) with the TAR RNA upon centration by solution NMR [13]. Thus, the EPR experi-
ments in the presence of the peptides were performedbinding to the Tat protein. To determine the argininam-
ide binding constant by EPR, we titrated argininamide at peptide concentrations of 0.5 mM.
A small decrease in the mobility of U23 and U38 andinto a sample of U38 TAR. The spectral width increased
up to a 5 mM concentration of argininamide, and we a moderate decrease in the mobility of U40 (Figure 5)
were observed in the presence of the mutant peptide,estimated that the U38 TAR-argininamide complex had
a Kd of approximately 2–3 mM, similar to the value ob- whereas the mobility of U25 increased (Figure 5). The
spectra for U25 and U40 in the presence of the wild-typetained by NMR (our unpublished data) [12]. EPR spectra
of the TAR RNA in the presence of argininamide (5 mM) peptide were similar to that observed for the mutant. In
contrast to the results for the mutant peptide, a signifi-revealed a small decrease in the mobility of nucleotides
U23 and U38 (Figure 5). The mobility of U40 was reduced cant decrease in mobility was observed for nucleotides
U23 and U38 in the presence of the wild-type peptide.even more, whereas U25 became more mobile. To inves-
tigate if the changes in nucleotide mobility were specific
for the TAR RNA, we incubated the duplex lacking the
Discussiontrinucleotide bulge (Figure 1B) with argininamide. We
observed virtually no change in the EPR spectra for the
Until recently, the application of EPR spectroscopy to-U38 or U40 duplex in the presence of argininamide (our
ward the study of RNA structure and function has beenunpublished data), demonstrating that the observed
limited to the use of paramagnetic ions to study metalchanges in mobility for U38 and U40 TAR are specific
ion binding sites [32–34] because of the lack of efficientfor the TAR-argininamide complex.
and general methods for site-specific incorporation of
nitroxide spin labels into RNA. We have recently shownEPR Spectroscopy: TAR-Tat Binding
that spin labels can be incorporated into internal, base-EPR spectra were obtained for the four different TAR
paired sites of RNA by conjugation to 2-amino groupsRNAs in the presence of both the mutant (YKKKKRKK
(Figure 1C) [30]. Other spin-labeling strategies includeKKA) and the wild-type (YGRKKRRQRRR) Tat-derived
alkylation of sulfur-modified RNA, such as non-basepeptides. To determine the concentration dependence
paired 4-thiouridine [35, 36] and terminal [37] or internal
phosphorothioates [38], and Pd-catalyzed incorporation
of a nitroxide into the 5-position of uridine [39]. Reduc-Table 1. Equilibrium Dissociation Constants for Peptide Binding
tive amination has also been used to spin label 3 endsto Unmodified and Spin-Labeled TAR RNAs, as Determined
of RNA [40]. These spin-labeling methods allow incorpo-by Native PAGE
ration of nitroxide spin labels at several different posi-
Spin-Label Site Tat (wt, M) Tat (m, M)
tions in RNA molecules and thereby facilitate the study
Unmodified 0.4 1.5 of RNA structure and function by EPR spectroscopy.
U23 0.3 1.0 We have previously shown that the spin labels linked
U25 0.4 2.0
to the 2-position of U23, U25, U38, and U40 do notU38 1.2 5.0
appreciably affect the stability of the TAR RNA duplexesU40 nd nd
[30]. Before utilizing these spin-labeled RNAs for the
m: mutant; nd: not determined (see text); wt: wild-type
study of the TAR-Tat interaction by EPR spectroscopy,
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why this effect is seen for U40, especially given the fact
that the modification is located on the opposite side of
the RNA relative to the peptide binding site. Neverthe-
less, a -alanyl modification of the 2 position of U40
has previously been shown to result in a significant de-
crease in peptide binding, as determined by PAGE [20].
However, the same study revealed a mere 2-fold de-
crease in binding via filter binding assays [20], which
led the authors to propose that the results obtained for
the U40 modification by PAGE were due to a high rate
of dissociation rather than a low binding constant. We
titrated U40 with the wild-type peptide and observed
changes in the EPR spectrum until approximately one
equivalent of the peptide had been added, after which
it did not change more until peptide concentrations
above 0.7 mM (our unpublished data). This indicates
that U40 binds specifically and stoichiometrically to the
peptide under the conditions used for the EPR measure-
ments. We conclude that the spin labels have a small
effect on the RNA-peptide binding and that the peptides
are fully bound under the conditions used for the EPR
spectroscopy.
A crystal structure of the TAR RNA, which was solved
in the presence of calcium ions (Figure 2B), revealed
three calcium ions concentrated in the bulge region,
suggesting that they induce a structural change in the
TAR RNA [10]. EPR spectra of the spin-labeled TAR
RNAs in the presence of calcium showed a small de-
crease in mobility, as indicated by increased spectral
width, for nucleotides U23, U25, and U38, whereas U40
became more mobile (Figure 4). However, the same
change was observed in the presence of sodium ions.
Figure 6 shows a quantitative presentation of the data
from Figure 4, in which the change in spectral width for
each set of conditions is plotted as a function of spin
labeled position. This yields a dynamic signature for
each compound, and this signature is nearly identical
for calcium and sodium ions. Although these results do
not constitute a structural proof, they indicate that the
conformational change observed upon addition of cat-
ions does not require divalent metal ions. Therefore, it
is unlikely that divalent metal ions play a specific role
in changing the conformation of TAR in the context of
TAR-Tat interactions in vivo [10].
Solution NMR studies indicate that argininamide and
peptides derived from the Tat protein bind in a similar
fashion [11, 12]. Substantial changes were observed
Figure 4. Effect of Metal Ions on the EPR Spectra of TAR RNA in the EPR spectra of the TAR RNA upon addition of
EPR spectra of TAR RNA (black) in the presence of calcium (ma- argininamide or the peptides (Figure 5), showing that
genta) or sodium (cyan) ions. The position of the spin label is shown binding affects the mobility of all the spin labeled TAR
in bold on the RNA to the left of the spectra. RNAs. The dynamic signatures for these compounds
show the same general features, with the mobility of
U23, U38, and U40 decreasing and that of U25 increas-
we used native PAGE to determine whether the spin ing (Figure 6), unlike the results observed for calcium
labels affected the stability of the TAR-Tat peptide com- and sodium. The decreased mobility of U23, U38, and
plex (Figure 3). The equilibrium dissociation constants U40 is consistent with the current model for the struc-
(Kds) were determined for both the wild-type (YGR tural change that occurs in the TAR RNA upon binding
KKRRQRRR) and the mutant (YKKKKRKKKKA) Tat pep- to Tat [11–13]. In this model, there is a bend between
tides (Table 1). No change in the stability of the TAR- the two helices in the unbound state caused by the
Tat complex was observed for spin labels at positions trinucleotide bulge (Figure 2A) [8, 9]. Upon binding, the
U23 and U25, whereas the Kds for U38 were approxi- helices stack coaxially, which explains the reduced
mately 3-fold lower. On the other hand, a larger decrease mobility of U40. Furthermore, the trinucleotide bulge
becomes inverted, followed by the formation of awas observed for peptide binding to U40. It is not clear
RNA-Protein and RNA-Metal Ion Interactions by EPR
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Figure 5. Effect of Tat Derivatives on the EPR
Spectra of TAR RNA
EPR spectra of TAR RNA (black) in the pres-
ence of argininamide (5 mM) and two Tat-
derived peptides (0.5 mM; magenta).
U23•A27•U38 base triple [13, 16] (Figure 2C), resulting Although the dynamic signatures for argininamide and
the peptides show the same general features, there arein reduced mobility of U23 and U38. In addition, U23
and U38 have been shown to have close contacts with dramatic differences in the magnitude of the observed
mobility changes. In particular, the EPR data show thatargininamide, which might further reduce their mobil-
ity [12]. the mobilities of U23 and U38 are significantly lower for
Figure 6. Quantitative Analysis of TAR RNA Binding, yielding a Dynamic Signature for Each Compound Studied
The spectral widths (2Azz) were measured between the peaks that flank the central peak and the span from the crest of the low-field peak to
the trough of the high-field peak. An increase in spectral width (2Azz0) indicates a decrease in nucleotide mobility.
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the wild-type peptide than for the mutant peptide (Figure spectra of spin-labeled TAR RNAs in the presence of
either sodium or calcium ions were nearly identical,6). These data indicate that the two peptides bind differ-
ently to the RNA, which is supported by NMR studies indicating that calcium ions do not induce an ion-spe-
cific conformational change of TAR in solution, as sug-of TAR in the presence of mutant peptides for which
“the markers for specific complex formation…are largely gested by a crystal structure of the TAR RNA. Further-
more, EPR spectroscopy showed that argininamideabsent” [13]. This was somewhat unexpected given the
fact that the two peptides both contain the essential and the mutant peptide, whose binding constants dif-
fer by approximately three orders of magnitude, havearginine (R52) and have similar binding affinities to the
TAR RNA. Thus, it is clear from our results that other similar modes of binding to the TAR RNA. In contrast,
the presence of the wild-type peptide, relative to theamino acids in the wild-type peptide contribute to the
binding specificity, resulting in a more rigid complex in mutant peptide, dramatically decreased the mobility of
U23 and U38. This indicates that, flanking R52, aminothe region of the base triple than was observed for the
mutant peptide. On the other hand, argininamide and acids in the wild-type sequence make specific con-
tacts to the RNA. Because EPR requires small amountsthe mutant peptide have a nearly identical dynamic sig-
nature (Figure 6), which indicates that they have a similar of material (approximately 2 nmol), it will be useful for
screening different mutant peptides to determine whatmode of binding. The approximately three orders of
magnitude-higher binding affinity of TAR to the mutant other amino acids in the wild-type sequence contrib-
ute to the specific binding. This paper represents thepeptide, relative to argininamide, is presumably caused
by a number of electrostatic interactions between posi- first example of using EPR to study changes in RNA
dynamics upon peptide binding and shows that EPRtively charged lysine side chains of the peptide and
negatively charged RNA phosphodiesters. spectroscopy is a powerful biophysical technique for
the study of RNA interactions with ions, small mole-Even though we have previously shown that the spin
labels used here detect structure-dependent dynamics cules, and peptides.
in the TAR RNA [30], it is possible that some of the EPR
Experimental Proceduresdata that we attribute to changes in nucleotide dynamics
may originate in a mobility change of the spin label,
Preparation of Spin-Labeled RNAsindependent of the RNA. For example, direct interac-
Spin-labeling reactions were carried out at 8C [30]. A solution of
tions of the side chains of a peptide with the spin label crude, deprotected 2-amino-containing oligonucleotides (Dhar-
might reduce its mobility, or a conformational change macon Research; 1/4 of a 1 mol synthesis in 100 l 70 mM boric
acid buffer [pH 8.6]) was treated sequentially with precooled solu-of a spin-labeled nucleotide could affect the intrinsic
tions of formamide (60 l) and 4-isocyanato TEMPO [30] in DMF (75mobility of the spin label. However, the data are repre-
mM, 40 l). After 1 hr a second aliquot of 4-isocyanato TEMPO wassentative of the expected changes in nucleotide mobility
added. After an additional hour, the solution was washed with CHCl3based on the current structural model for the TAR-Tat
(2  75 l), then diluted with sodium acetate (3.0 M, 50 l [pH 5.3])
complex. In addition, by labeling more than one nucleo- and ethanol (20C, 1.3 ml). The RNA was precipitated at 20C
tide in the RNA, we have placed spin labels in a region over 4 hr, the sample was centrifuged (11,500 rpm, 15 min, 5C),
and the supernatant was removed. The pellet was washed with coldthat is not in direct contact with the peptide, such as at
ethanol (2  50 l), dried, dissolved into aqueous urea (8 M, 150U38. Therefore, it is likely that most of the observed
l), and purified by 20% denaturing PAGE. Samples were quantifiedchanges in the EPR spectra can be ascribed to changes
with the previously determined molar extinction coefficients [30].in nucleotide dynamics.
Yields ranged from 100 to 170 nmols, depending on the quality
The EPR results presented here are in agreement with of the RNA synthesis. RNA samples were 5-32P radiolabeled as
the “induced-fit” rather than the “lock-and-key” theory described (Gibco BRL) and purified by NAP 25 size exclusion chro-
matography (Pharmacia).of RNA-protein binding [41, 42]. Nucleotides (such as
U23 and U38) that participate in RNA-protein contacts
Purification of Wild-Type Tat-Derived Peptideexhibit significantly more mobility prior to binding. The
Wild-type Tat-derived peptide (YGRKKRRQRRR) was purchasedmobility of nucleotides that do not participate directly
(95% purity) from United Biochemical Research (Seattle, WA).in RNA-protein contacts is also affected upon binding.
Samples contained a free-radical contaminant and were purified by
For example, a bulged nucleotide that is not involved G10 Sephadex filtration. A Sephadex G10 column (2.0 g Sephadex)
in binding (U25) becomes more mobile, whereas an in- was washed with water (5 ml), and the peptide (306 nmol, 0.43 ODs
in 1 ml water; 	 
 1405, A275 single tyrosine) was loaded onto theterhelical nucleotide (U40) becomes more rigid as a re-
column and eluted with water. The second 1.0 ml fraction containedsult of helical stacking. These data show the value of
most of the peptide (242 nmol, 0.34 ODs) and was shown to be freeEPR spectroscopy for the study of RNA dynamics in the
of the free-spin contaminant by EPR spectroscopy.context of RNA binding to proteins or other molecules.
Native Gel Shift Assays
TAR RNA samples (2.0 M RNA in 50 mM sodium cacodylate [pH
Significance 6.0]) were annealed on a thermocycler via the following step-wise
cooling protocol: 90C for 2 min, 60C for 5 min, 50C for 5 min,
40C for 5 min, and 22C for 15 min. The samples were treated withUrea-linked spin labels in the 2 positions of RNA are
an aqueous solution of the peptide, followed by water up to a finalsensitive probes of nucleotide dynamics. EPR spectra
volume of 20 l (final concentrations: peptide, 0.1–20.0 M; RNA,of four TAR RNAs, each containing a spin label in a
200 nM; buffer, 5.0 mM). Samples were incubated in an ice waterdifferent position, yielded a dynamic signature for each
bath in a cold room (5C) for 5 min, diluted with 40% aqueous
compound tested. These data were used to evaluate sucrose (5 l), and loaded onto a 10% native polyacrylamide gel.
the structural changes in the RNA that occur upon The gel was run at 25 mA for 1 hr, dried, and visualized by phos-
phorimaging.binding to different compounds. For example, the EPR
RNA-Protein and RNA-Metal Ion Interactions by EPR
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